ABSTRACT
Introduction
Attention Deficit/Hyperactivity Disorder (ADHD) is one of the most commonly diagnosed disorders in children with prevalence rates in the general population ranging from 3-7% [1] . Assessing a child for ADHD can be difficult given the subjectivity of currently utilized assessment measures and the high degree of comorbidity between ADHD and other disorders. Reading Disability (RD) is also commonly diagnosed with prevalence rates of approximately 4% among school-aged children in the general population [1] . Furthermore, there is a strong link between child behavior difficulties and underachievement in reading. For example, Nelson, Benner, Lane, and Smith (2004) found that 83% of students classified with emotional and behavioral disorders performed in the below average range on a standardized measure of reading skills [2] .
Although it is not unusual for children to meet criteria for both ADHD and RD (i.e., comorbidity estimates range from 10 to 45%), children with RD may be misdiagnosed with ADHD and vice versa as it can be difficult to determine if a child displays reading problems due to behavioral difficulties or whether behavioral and attention difficulties are due to an underlying reading disorder. Misdiagnosis could lead to the implementation of inappropriate treatment interventions such as providing stimulant medication to a child with RD or providing academic interventions only to a child with ADHD. To reduce the likelihood of misdiagnosis and more clearly differentiate between ADHD and RD, an objective assessment measure is needed. One such instrument may be eye movement tracking. Eye movement tracking is a potentially useful method of assessment because it allows for objectivity and provides quantitative data on reading process and visual and attentional abilities [3] . methods and multiple informants. Information may be gathered through the use of diagnostic interviews, parent and teacher behavior rating scales, and direct observations of behavior. Other measures used in the assessment of ADHD include computerized performance tests and lab or analogue observations [4] . However, problems exist with each of these assessment tools. For example, diagnostic interviews and behavior rating scales are subjective, prone to social desirability, and are dependent upon accurate reporting of symptoms. Additionally, rating scales often contain vague and poorly defined items. Assessment methods such as computerized performance tests have been criticized due to poor clinical utility. Lab or analogue observations have also been criticized due to high subjectivity, as they are dependent upon the observer's criteria for what qualifies as inattentive or hyperactive behavior, and few observational measures have norms [5] .
RD is a biologically based learning disorder that frequently runs in families and interferes with reading, writing, and spelling performance [6] . RD is characterized by difficulties in several areas of reading including decoding and spelling difficulties, comprehension problems, and deficits in phonological processing [7] . RD often affects a child's academic achievement and performance on other activities that require reading skills. Children with RD also exhibit distortions, substitutions, and omissions when reading aloud and silently [1] . Although symptoms of RD may be evident as early as kindergarten, it is rarely diagnosed before the first grade due to variations in when children begin acquiring reading skills.
The DSM-IV-TR criteria for a diagnosis of RD requires that an individual's reading achievement scores must be significantly lower than their overall level of intelligence as measured by an individually administered intelligence test [8] . However, the criteria used to classify a child for special education services based on a reading disability vary from state to state. Ideally, when assessing for RD an individual should be tested on the following skills: sight identification of letters and words, nonsense word decoding, spelling, reading comprehension, and reading fluency [6] . However, at the present time there are no individual tests or battery of tests designed specifically to evaluate for RD. Instead, examiners are required to develop their own assessment battery that includes measures of the necessary reading related skills [6] . Although examiners can diagnose RD by integrating the results of several measures, there is a need to develop a more comprehensive, valid, and objective method of diagnosing RD [9] .
Commonalities in Learning Difficulties
In the school setting, students with ADHD often fall behind academically because of their attention problems. As a result of their poor academics, children with ADHD may appear to have a learning disability. Additional deficits that children with ADHD may display in the school setting include poor rote memory, excessive vocalizations, difficulty delaying gratification, distractibility by extraneous stimuli, and difficulty listening and maintaining a conversation [4] . These deficits, both individually and in combination, can make learning in the school setting very difficult. Thus, it is not surprising that children with ADHD are also more likely to be held back due to poor academic performance or suspended and expelled due to significant behavioral problems [10] .
Children with RD often exhibit spoken language difficulties, deficits in short-term memory, poor reading comprehension, poor written expression, and difficulty organizing information [11] . Generally, children with RD perform poorly on tests of rapid automatized naming, phoneme awareness, sound blending, phonological skills, auditory memory, certain types of visual memory, and decoding of nonsense words [6] . A child with RD may also display symptoms of inattention in the classroom as he/she may be less academically engaged and may exhibit lower motivation to complete school related tasks. Thus, the potential for children with RD to be misdiagnosed with ADHD is significant if the symptoms of inattention are thought to be primary and the reading difficulties are considered secondary.
Relationship between RD and ADHD
With such high rates of comorbidity between ADHD and RD, some researchers do not consider ADHD to be a distinct clinical syndrome [12] . However, the bulk of the research clearly demonstrates that RD and ADHD represent two distinct clinical syndromes with separate cognitive profiles [8] . Children with RD exhibit deficiencies in phonological processing and other reading related skills while children with ADHD exhibit deficits in executive functioning. These unique and distinctive deficits provide support for the validity of each diagnosis.
Eye Movement Tracking
Eye movement tracking has also been used for a variety of purposes including diagnosing disorders related to reading and information processing abilities. When used for diagnostic purposes, eye movement tracking allows for objectivity and provides quantitative data on visual and attentional abilities [13] . Thus, eye movement tracking has great potential as a useful and scientifically valid method for studying patterns of reading for children with RD and attentional patterns for children with ADHD.
Types of Eye Movements
There are many different types of eye movements described in the literature. Following is a brief description of the eye movements that are most commonly observed during reading tasks. Fixations are movements made when the eye is relatively still and focused on a particular target. Fixations typically last between 200-300 milliseconds on average but can range from 100 to over 500 milliseconds. On tasks where the participant is asked to read silently, the average duration of a fixation is 225 milliseconds [14] . Saccades are defined as rapid movements that allow the eyes to move from one fixation point to another while scanning and processing the information between fixation points [14] . Saccades can range in length but are typically 7-9 letter spaces in silent reading [3] . Vertical saccades occur when the eye moves away from the target stimuli in an upward or downward fashion. This can occur when an individual becomes distracted and loses their attentional focus.
Regressions are small leftward saccades that are made when an individual has to re-read a section of text [14] . Regressions often occur when a saccade is too fast or cover more text than the individual can perceive. Approximately 10-15% of all saccades are regressions.
Eye Movement and Reading
Saccades and fixations are the two main types of eye movements involved in reading. However, the types of eye movements made by readers are significantly influenced by the qualities of the individual words and overall text. For example, fixations of longer duration tend to occur when a reader encounters words that are uncommon such as technical words, misspelled words, the first fixation of a new line, and parts of the text where the reader is anticipating important information. Likewise, fixations of shorter duration tend to occur on the final fixation of a line, at the beginning or end of a word, and immediately before a regression is made. Longer saccades tend to occur when a long word lies to the right of a fixation. Shorter saccades occur in parts of the text with important information because the reader needs to ensure that he/she has perceived all of the text [15] .
Fixations are less likely to occur on shorter or more common words such as "the" and on blank areas of the text, and are more likely to occur near the center of a word. Additionally, words that contain content (e.g. dog, walk, hat, etc.) are fixated on more often than non-content words (e.g. the, is, and, etc.). As the length of a word increases, the probability of a fixation also increases because such words are harder to perceive during a saccade.
The first fixation on a line is typically 5-7 letter spaces from the beginning of a sentence while the last fixation occurs approximately 5-7 letter spaces from the end of a sentence. The first fixation also tends to be longer in duration while the last fixation of a line tends to be the shortest [3] .
As the text becomes more difficult the number of fixations increase, saccade length decreases, and the number of regressions increase. Most readers make their first fixation on the first word of the sentence near the center of the word, but with long words (e.g. words with more than 10 letters) there are sometimes two fixations, one near the beginning of the word and the second towards the end of the word. Saccades that are too long tend to be less accurate and result in more regressions [3] .
Kleigl & Engbert [16] found that readers tend to skip over short, high frequency, and highly predictable words more often than long words, low frequency words, and words with low predictability. Kliegl & Engbert [16] also noted fixations of shorter duration before words that were skipped. It is also important to note that the eye movements of a child are somewhat different from adult eye movements. For example, young children exhibit more frequent and small saccades, allow their eyes to drift during a fixation, take longer to initiate saccades, and are less accurate than adults in controlling their eye movements. As children age, their eye movements become more accurate and controlled [3] .
Eye Movements in Children with RD
Previous research has demonstrated that children with RD exhibit different patterns of eye movement on reading tasks as compared to normal readers. While normal readers can read about 250 words per minute, the reading speed of children with RD tends to be much slower because they make longer fixations, more frequent fixations, shorter saccades, and more regressions than normal readers. Longer fixations often occur because it takes more time for these readers to comprehend information from the text. Children with RD also have shorter saccades because they cannot cover as much information in their perceptual span [17] . Additionally, children with RD tend to have unstable fixations and make more express (i.e., shorter) saccades than normals readers. Children with RD also process less parafoveal information (i.e. information in the periphery of the point of fixation) on each fixation leading to more frequent and shorter saccades [3] . Overall, these eye movement patterns are correlated with slower reading speed and poorer comprehension [15] .
Eden, Stein, Wood & Wood [14] found that eye movement tracking on non-reading tasks could reliably differ-entiate between good and poor readers. Poor readers tended to have jerky and erratic eye movements when attempting to visually track a moving target. Eden et al. [14] hypothesized that deficits in eye movement tracking among poor readers appear to be related to poor eye movement control.
Hawelka & Wimmer [18] theorized that shorter saccades are the source of greater fixations among children with RD as compared to normal readers. Shorter saccades are common in letter-by-letter reading and contribute to a slow and laborious reading style. Hawelka & Wimmer examined types of eye movements (e.g. fixations and saccades), speed of reading, and errors in reading in Dyslexic and Control children. Results of the study indicated that Dyslexic children made fewer errors than the Control group; however, their reading speed was significantly slower than the Control subjects. Differences in reading rate were associated with the number of eye movements made during reading. That is, participants with more eye movements had slower reading speeds [18] . These findings support the letter-by-letter reading pattern thought to be characteristic of reading disabled children.
Eye Movements in Children with ADHD
Munoz, Armstrong, Hampton, & Moore [19] proposed that children and adults with ADHD may also have unique patterns of eye movement, particularly in regard to visual tracking tasks that require response inhibition of automatic saccadic eye movements. They utilized a prosaccade task in which ADHD and control participants ranging in age from 6 to 59 years old were asked to look at a target stimulus when it appeared on the screen and an antisaccade task where participants were asked to inhibit looking at the target stimulus. Results indicated that participants with ADHD displayed longer reaction times, more variability, and slower saccades in the prosaccade task compared to participants in the Control group. In the antisaccade task, participants with ADHD had more difficulty inhibiting automatic saccades, displayed longer reaction times, and greater variability [19] .
Other researchers have found similar results suggesting that adults with ADHD exhibit different patterns of eye movement as compared to adults without ADHD. Feifel, Farber, Clementz, Perry, and Anllo-Vento [20] found that adult ADHD subjects made significantly more anticipatory saccades than Control subjects. On the antisaccade task, ADHD subjects made significantly more errors than the Control group. The performance of adults with ADHD was consistent with deficits in response inhibition seen in children with ADHD.
Gould [22] also utilized an eye movement task that involved looking at a fixation point on a computer screen. They found that children with ADHD exhibited more errors and were also less likely to correct directional errors as compared to children in the Control group. However, group differences were dependent on age with older children displaying shorter response latencies and making fewer early (anticipatory) responses as compared to younger children.
Mostofsky, Lasker, & Cutting [23] considered the influence of ADHD medication on eye movement performance. Both medicated and unmedicated children with ADHD made significantly more errors in direction and more anticipatory errors than did the Control children on the saccade tasks. These results are consistent with deficits related to ADHD such as poor response inhibition. Additionally, the unmedicated children showed greater variability in saccade latency on one task and longer saccade latency on a second task than the medicated and Control group. These results suggest that children with ADHD should ideally not be medicated when participating in studies utilizing eye movement in order to obtain data reflective of the true deficits associated with ADHD. However, group differences can still be detected even when children with ADHD are medicated.
The previous studies examining eye movement among children with ADHD all used eye movement paradigms that require tracking a visual stimulus rather than tasks that require reading skills. The present study sought to examine the eye movement patterns of children diagnosed with ADHD and RD during a reading task. It was anticipated that RD children would exhibit longer fixa-tion durations, more frequent fixations, and shorter saccades than children in the ADHD and Control groups.
It was also predicted that children with ADHD would exhibit a greater proportion of vertical saccades than children with RD or children in the Control group and that children in the Control group would exhibit a smaller proportion of regressive saccades, fewer fixations, and fixations of a briefer duration than children in the ADHD and RD groups.
Method

Participants
Children with ADHD and RD were recruited through a university-based ADHD Evaluation clinic and a separate reading intervention clinic (READ) both located in a moderate sized community in the Midwest. Children with ADHD were diagnosed by a licensed psychologist based on DSM-IV criteria [1] and using an assessment battery that included a structured interview, parent and teacher ratings on standardized measures, a computer-based test of attention and brief cognitive ability and academic achievement measures. Diagnosis of RD was made by a licensed School Psychologist who reviewed a battery of reading assessment measures administered by the READ clinic that included measures of phoneme awareness, phonics, reading fluency, and comprehension. Students were diagnosed with RD if scores were found to be in the impaired range in multiple assessed areas. Control participants were recruited through faculty and staff at the university. Data was collected from 110 participants between the ages of 6-12 years over a period of 30 months. However, as a result of equipment problems, invalid eye movement data due to excessive head or body movement and failure to meet inclusion/exclusion criteria for the group, 33 cases (11 from ADHD group, 17 from RD group, 4 from Control group) were excluded from analysis. Participants in the ADHD group were excluded primarily due to invalid eye movement data whereas participants in the RD group were primarily excluded due to failure to meet RD diagnostic criteria. A total of 78 subjects were included in the analysis.
In addition to a clinical diagnosis of ADHD, inclusion criteria for the ADHD group included performance in the average range on a brief measure of cognitive ability [24, 25] and two reading tasks assessing phoneme awareness and reading comprehension [26] . Inclusion in the RD group required parent or teacher ratings in the average range on a measure of ADHD symptoms [27] . Given that many children with a reading disability display differences in performance between verbal and nonverbal cognitive ability tasks, inclusion criteria for the RD group required that children score in the average range on either the Verbal or Nonverbal composite score (i.e., rather than Composite IQ). Finally, inclusion criteria for children in the Control group included average or higher performance on a brief measure of cognitive ability (Composite IQ score) and both reading tasks as well as parent or teacher ratings below the 80th percentile on a measure of ADHD symptoms.
Overall, there were a similar number of male (55%) and female (45%) participants and no significant sex differences in the three groups. As expected, several children in the ADHD group (37%) were taking medication for ADHD at the time they participated in the study. Lastly, the family income for children in the ADHD group was significantly lower than children in the RD and Control groups, likely due to differences in the referral source. The ADHD clinic accepts Medicaid payment whereas the READ clinic has a set outof-pocket fee of over $150 and many Control group participants were children of faculty or staff at the university. Table 1 presents group means for measures related to inclusion/exclusion criteria.
Composite IQ was lower for the RD group as compared to Control group participants; however the mean for all three groups was in the average range. As expected, the mean score for the ADHD and Control groups on the reading achievement subtests was in the average range, whereas the mean for the RD group was in the low average range. Although the majority of participants in the RD group had below average Performance average performance on the two reading subtests, there were several participants that met criteria for RD based on other measures in the RD test battery (i.e., performance was in the average range on the two Woodcock subtests). Likewise, the mean for the RD and Control groups was in the average (i.e., below clinical significance) range on the parent and teacher ADHD scale ratings.
Procedures
The study design and procedures were approved by the university's institutional review board. The assessment data collected through the ADHD Evaluation clinic and READ clinic were protected as required by HIPPA federal regulations. All participants were first administered the eye movement tasks, then a reaction time task, and a brief measure of cognitive ability and reading tasks if not Likewise, for ADHD children, a measure of cognitive ability and parent and teacher ADHD rating scales were completed during the initial evaluation for ADHD. Graduate and undergraduate research assistants were trained to administer all of the other research measures during two 1½ hour training sessions. All assessment materials included only the subject's individual identification number and necessary identifying information (e.g. date of birth, gender, and age).
Eye Movement Measure
The View Point Eye Tracker apparatus from Arrington Research was utilized to measure participants' eye movement patterns during a brief reading task. Participants were seated in front of a computer monitor and placed their heads in a chin and forehead rest, then instructed to watch the computer screen and move only their eyes and to keep their heads as still as possible. The reading task developed for this study required participants to read three sets of words, and five short sentences (1st grade reading level) that appeared on the computer screen. However, only eye movement data gathered from the five sentences was analyzed in this study. Each set of stimuli remained on the computer screen for approximately three seconds. The eye movement task required 5-10 minutes to administer including adjustments and calibration; however, the actual reading task lasted less than one minute. At the end of the eye movement administration, subjects were asked questions to ensure that they actually read the sentences that were presented. The reliability of the eye movement tasks developed for this particular study is not known. The saccade threshold on the View Point Eye Tracker was set to 0.090. This value represents the minimum velocity of an eye movement to be classified as a saccade. Moreover, saccades were considered vertical when the end point of the saccade was more than 45 degrees from where the saccade began. Eye movements that were slower than 0.090 were classified as fixations.
There were seven variables examined from the eye movement tracking task including average number of fixations, average fixation duration, average saccade duration, proportion of normal (i.e. left to right) saccades, proportion of regressive (i.e. right to left) saccades, proportion of vertical saccades, and total reading time. Average number of fixations was calculated for each child by summing the number of fixations across sentences and dividing by the total number of sentences. Likewise average fixation duration and average saccade duration were calculated by summing the total amount of time in milliseconds that the eye was engaged in a fixation/ saccade and dividing by the number of fixations/saccades for each sentence. The average durations were then summed and divided by the number of sentences. Proportion of left to right saccades, regressive saccades and vertical saccades were calculated by summing the number of each type of saccade across sentences, dividing by the total number of saccades and averaging across the sentences.
Results
Preliminary Analyses
Correlational analyses revealed several significant correlations between the eye movement variables. Specifically, read time and average number of fixations were correlated (r = 0.52) and proportion of sentence fixated upon and regressive saccades were inversely correlated (r = -0.48). Saccade duration and fixation duration were also inversely correlated (r = -0.38). There was a strong negative correlation between the proportion of vertical saccades and the proportion of left to right saccades (r = -0.78). There were no significant correlations between child age and the eye movement variables. Results of a MANOVA comparing eye movement performance for children taking/not taking medication in the ADHD group was non-significant (p = 0.61).
An ANOVA was also conducted comparing the three groups on the proportion of the sentence that was fixated. This information is important to consider because the frequency of the eye movement variables that will be examined in the main analyses are dependent upon the amount of the sentence that each child actually looked at. Results of the ANOVA were significant, F (2, 75) = 6.67, p = < 0.01. Post hoc analyses revealed that children in both the ADHD (M = 0.75, SD = 0.24) and RD (M = 0.73, SD = 0.24) groups fixated on significantly less of the sentences than children in the Control group (M = 0.93, SD = 0.14). However, there were no significant differences between groups in regards to correct answers to questions about the eye movement sentences, F (2, 61) = 0.61, p = 0.55. In addition, previous research has found that there is a great deal of variability in the percentage of words that a reader fixates and that a typical reader will skip between 20-40% of the words in a sentence (e.g., Paulson, 2002).
Group Differences in Eye Movement
Results of a MANOVA, grouping by ADHD, RD, and Control, and entering the seven eye movement variables was significant F(7, 70) = 4.74, p < 0.001. As seen in Table 2 , univariate analyses revealed significant group differences for all eye movement variables with the exception of saccade duration. Children in both the ADHD and RD groups displayed a lower proportion of left to right saccades and higher proportion of regressive saccades as compared to the Control group. There was a significant difference between the RD and Control group for average number of fixations (greater for RD group). Children in the ADHD group also displayed a greater proportion of vertical saccades as compared to the Control group. Finally, there was a significant difference between the RD group and the ADHD and Control groups for total read time and fixation duration (RD > ADHD and Control for both).
In order to determine which eye movement variables best distinguish between children in the ADHD and RD groups, a stepwise discriminant analysis was conducted, entering average number of fixations, reading time, fixation duration, proportion of left to right saccades, proportion of regressive saccades, and proportion of vertical saccades as predictors. In the first step of the analysis, proportion of left to right saccades entered as a significant predictor (Wilkes = 0.78, p < 0.0001), followed by total reading time (Wilkes = 0.62, p < 0.001). Based on these two predictors, 57.7% of cases were correctly classified with the Control group having the highest rate of correct classification (79%), followed by the RD group (59%). The lowest rate of correct classification was for the ADHD group (33%).
Discussion
The current study was undertaken in order to examine whether eye movement tracking could be used as a reliable means of differentiating between children with ADHD and RD. Overall, results yielded minimal support for differences between ADHD and RD children in terms of eye movement. Children in both the ADHD and RD groups displayed significantly shorter fixations and a lower proportion of left to right saccades as compared to the Control group. The one significant difference between the ADHD and RD group was in total reading time. As predicted, children in the RD group displayed slower reading than children in the ADHD and Control group. Thus, there is some potential for the combination of left to right saccades and total reading time to differentiate between children with ADHD and RD. However, further research is needed to determine support for clinical utility of eye movement as an assessment measure given that no more than half of the RD and ADHD children were correctly classified based on select eye movement variables.
Consistent with previous research, children with RD displayed longer fixations and slower reading speed as compared to Controls [18] . Examining the eye movement patterns of children with ADHD on reading tasks is a relatively new area of study. Therefore, it is difficult to determine whether the results of the current study suggest- ing a significantly lower proportion of left to right saccades in ADHD children compared to children in a Control group is characteristic of all children with ADHD or whether this finding is specific to the current study.
Overall, results of this study suggest that eye movement performance of children with ADHD is more similar than dissimilar to children with RD with the exception of total reading time. One possible explanation for the lack of difference between the ADHD and RD groups might involve the number of children eliminated from the study due to excessive head and body movements which perhaps resulted in less variability. Another limitation that may have contributed to the lack of difference in eye movement between the two clinical groups is subthreshold comorbidity. Children in the ADHD group may have had a developing reading disability that was not evident in the two Woodcock reading tasks. Likewise, some of the children in the RD group may have had subthreshold traits of ADHD. A significant level of subthreshold comorbidity could have contributed to greater variability within groups and therefore decreased likelihood of significant differences between groups. Given the significant rate of comorbidity between ADHD and RD, future research may compare the eye movement patterns of children in a comorbid ADHD+RD group to children with either ADHD or RD alone.
Finally, the eye movement task used in this study might be a limitation. Calibration sensitivity and lack of a "bite bar" to keep children's heads still contributed to lost data and perhaps less valid data in some cases, as some vertical eye movements may have been due to sensitivity to movement. A second possible limitation is the reading task itself, which was very brief and may not have been challenging enough for older children. Garzia et al. [15] suggested that the types of eye movements made by readers are significantly influenced by the qualities of the individual words and overall text. Greater variability in eye movement may have been observed during a longer and/or more challenging reading task. Children in the ADHD group also fixated on a significantly lower proportion of the sentences than children in the Control group, which may have had some effect on the patterns of eye movements observed. However, this did not appear to affect the comprehension of children in the ADHD group, as there were no significant differences between any of the groups on sentence comprehension.
Further investigation is needed to determine if eye movement tracking may be useful in distinguishing between ADHD and RD children that display reading difficulties. Given the results of the present study, future research may specifically consider proportion of left to right saccades and average reading time as these variables demonstrated that greatest potential for differentiating between groups.
Given that the present results provided minimal support for eye movement variables to distinguish between clinical groups (i.e. ADHD and RD groups), it is premature at this time to suggest use of eye movement measures in assessment batteries. Also, given the significant percentage of children in the present study that produced invalid results due to excessive movement, use of eye movement tasks with ADHD children, particularly those with significant hyperactivity, may be of minimal benefit. A few of the children with ADHD in the present study also expressed a strong dislike for the eye movement task. Therefore, unless further research finds greater support for eye movement to discriminate between clinical groups, the costs associated with this measure may exceed the benefits.
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